Abstract Batch growth studies with pure cultures of Acinetobacter johnsonii T and Acinetobacter johnsonii strain 210 on various media formulations were used to examine the effects of micronutrient composition on the growth rate of microbial populations in wastewater treatment systems. On nutrient rich Luria-Bertani medium, both strains of A. johnsonii grew with a doubling time of approximately 30 min. On a defined, minimal medium with acetate as the sole carbon source, the doubling time of A. johnsonii T was 9.62 h and the doubling time of strain 210a was 2.6 h. Using a synthetic wastewater as a growth medium, the type strain had a doubling time of 56 h and strain 210a had a doubling time of 9.62 h. The concentration and redox state of iron appeared to be the principle growth limiting factors with higher doubling times occurring in media containing ferric iron as compared to ferrous iron. Additionally, grab samples from batch growth experiments were analyzed with oligonucleotide hybridization probes targeting the mature 16S ribosomal RNA (rRNA) and precursor 16S rRNA of Acinetobacter spp. Results showed that the precursor 16S rRNA levels responded more rapidly and to a greater extent than total 16S rRNA levels to changes in the micronutrient composition of the growth media. Precursor 16S rRNA levels increased in both strains when overnight cultures were diluted with fresh media and when micronutrient supplements were added to growing cultures. Our results show that the micronutrient composition of the influent wastewater can have a significant impact on the microbial community structure in wastewater treatment systems.
Introduction
Historically, Acinetobacter spp. often have been associated with biological phosphorus removal in activated sludge wastewater treatment systems (Tandoi et al., 1998) . Although culture-based methods suggested a strong correlation between the abundance of Acinetobacter spp. and successful biological phosphorus removal (Wentzel et al., 1988) , culture-independent molecular methods repeatedly failed to find significant levels of Acinetobacter in wastewater treatment systems operated for phosphorus removal (Wagner et al., 1994; Oerther et al., 1998) . Pure cultures of Acinetobacter spp. have been shown to accumulate high levels of phosphorus (Deinema et al., 1980) , but no pure culture has demonstrated the biological phosphorus removal metabolism observed in activated sludge (Tandoi et al., 1998) . Therefore, the question remains what role, if any, do Acinetobacter spp. play in activated sludge systems in general and in systems operated for biological phosphorus removal in particular?
In previous work, we showed that although the abundance of Acinetobacter cells was low (less than 10% of total cell counts), Acinetobacter spp. accounted for up to one-half of the total 16S ribosomal RNA (16S rRNA) in laboratory-scale activated sludge systems treating a synthetic wastewater and demonstrating biological phosphorus removal (Oerther et al., in preparation) . Additionally, we developed oligonucleotide hybridization probes targeting precursor 16S rRNA to quantify the in situ growth activity of Acinetobacter spp. (Oerther et al., 2000) . In the current study, we build upon this previous work by quantifying changes in the levels of precursor and total 16S rRNA of Acinetobacter spp. in response to the micronutrient composition of synthetic wastewaters. Our goal is to evaluate how variations in growth rates of a specific population due to changes in wastewater composition can influence the structure of the microbial community.
Methods

Microorganisms and culture conditions
Acinetobacter johnsonii (American Type Culture Collection, ATCC, strain 17305 T ) and A. johnsonii strain 210a (Deinema et al., 1980) (kindly provided by Jay D. Keasling, University of California, Berkeley) were cultured aerobically in Luria-Bertani (LB) medium (per litre of water: 10 g yeast extract, 10 g tryptone, 5 g NaCl) at 25°C on rotary shakers and maintained on LB agar plates (15 g agar per litre of LB medium) at 4°C. To measure the maximum specific growth rates, both strains were cultured overnight in LB medium and diluted 1000-fold into fresh media. The growth media tested included: LB medium, Smolders synthetic wastewater (Sm) (Smolders et al., 1994) van Groenestijn medium (vG) (modified from van Groenestijn et al., 1987) , and derivatives of the vG medium containing all components of the vG medium with replacement of a single micronutrient as specified in the Sm recipe (e.g. Co medium represents the vG medium modified to contain the concentration of CoCl 2 specified in the Sm recipe). At sampling time points, the optical density of the culture was determined spectrophotometrically at a wavelength of 600 nm (OD 600 ). The maximum specific growth rate was determined from a least-squares, linear regression of the OD 600 measurements taken during exponential growth.
A. johnsonii T
A. johnsonii T and strain 210a were cultured overnight in vG medium at 25°C on rotary shakers. The cultures were diluted 20-fold into fresh vG medium or fresh Sm synthetic wastewater. After approximately 210 min of growth, the micronutrient solution from the vG medium was added to the cultures growing in the Sm synthetic wastewater. At sampling time points, the OD 600 was determined, and two samples (2 ml each) from each batch culture were removed for analysis with 16S rRNA-targeted or precursor 16S rRNA-targeted oligonucleotide hybridization probes as previously described (Oerther et al., 2000) . The probes used in this study included: S-G-Acin-1543-a-A-24 (5′ GATTCTTACCAATCGT-CAATCTTT 3′) (Oerther et al., 2000) , S-G-Acin-0659-a-A-24 (5′ CTGGAATTCTAC-CATCCTCTCCCA 3′) (Oerther et al., in preparation) , and S-*-Univ-1390-a-A-18 (5′ GACGGGCGGTGTGTACAA 3′) (Zheng et al., 1996) . Hybridizations of membrane immobilized total RNA with 32 P labeled oligonucleotide probes were conducted as D.B. Oerther et al. previously described (Raskin et al., 1995 , Zheng et al., 1996 , and Oerther et al., 2000 . Fluorescence in situ hybridizations (FISH) of whole cells with fluorescently labeled oligonucleotide probes were conducted as previously described (Amann et al., 1990; Oerther et al., 2000) .
Results and discussion
Comparing the chemical compositions of a synthetic wastewater (Sm) and a defined medium used to culture Acinetobacter spp. (vG) shows striking differences between the micronutrient concentrations in these media. For instance, the concentration of Mn in the vG medium (7.6 µM Mn) is 42-fold greater than the concentration of Mn in the Sm synthetic wastewater (0.18 µM Mn) and almost 10-fold greater than the maximum concentration of Mn required for successful activated sludge performance (0.9 µM Mn) (Burgress et al., 1999) . In contrast, the concentration of Co in the vG medium (0.06 µM Co) is more than three-fold less than the concentration of Co in the Sm synthetic wastewater (0.19 µM Co) and more than 28-fold less than the minimum concentration of Co required for successful activated sludge performance (1.7 µM Co) (Burgress et al., 1999) .
To systematically examine the impact of micronutrient concentration on the growth rate of microorganisms in activated sludge wastewater treatment systems, two model organisms, A. johnsonii T and A. johnsonii strain 210a, were grown to stationary phase in LB medium and transferred in a 1000-fold dilution to fresh LB medium, Sm synthetic wastewater, vG medium, or derivatives of the vG medium. The maximum specific doubling times of the two strains grown on the various media are shown in Figure 1 . On nutrient rich LB medium, both strains grew with a doubling time of approximately 30 min (Figure 1) . Growth on the vG medium results in lower growth rates; strain 210a demonstrated a doubling time of 2.69 h while the type strain grew with a doubling time of 9.62 h (Figure 1) . Growing on the Sm synthetic wastewater, strain 210a demonstrated a doubling time of 9.62 h and the doubling time of the type strain was as high as 57.7 h (Figure 1) . A comparison of the various media formulations shows that the concentration and redox state of iron was primarily responsible for the higher doubling time on the Sm synthetic wastewater as compared to the vG medium (Figure 1 ). For example, the doubling time of the type strain increased from 9.62 h while growing on vG medium (containing 5.4 µM ferrous iron) to 57.7 h while growing on modified vG medium (containing 2.8 µM ferric iron). Thus, in activated sludge wastewater treatment systems, the micronutrient composition of the influent wastewater could have an impact on the structure of the microbial community. For example, a change in the micronutrient composition could reduce the growth rate of a specific microbial population below the average solids retention time resulting in the loss of this population due to washout. Oligonucleotide probe hybridizations targeting total 16S rRNA and precursor 16S rRNA subsequently were used to measure the in situ growth activity of Acinetobacter spp. cultured on these various media. Figure 2 shows the results of quantitative membrane hybridizations targeting precursor and total 16S rRNA of Acinetobacter spp. When the overnight culture of A. johnsonii T was diluted with fresh vG medium, the levels of precursor 16S rRNA increased approximately seven-fold, reaching a maximum after 60 min of growth (Figure 2a) . In contrast, the levels of total 16S rRNA did not reach a maximum until after 300 min of growth (Figure 2a) . Transferring A. johnsonii T into Sm synthetic wastewater stimulated a modest two-fold increase in the levels of precursor 16S rRNA. The addition of micronutrients from the vG medium to the Sm synthetic wastewater after approximately 210 min also stimulated an increase in the levels of precursor 16S rRNA (Figure 2b ). The results with strain 210a show a similar pattern (Figure 2c and 2d) . When strain 210a was diluted into fresh vG medium, the levels of precursor 16S rRNA immediately increased approximately seven-fold, reaching a maximum after only 15 min of growth (Figure 2c ). The precursor 16S rRNA levels in strain 210a increased approximately two-fold when the overnight culture was diluted with fresh Sm synthetic wastewater, and also increased upon the addition of micronutrients from the vG medium (Figure 2d ).
Conclusions
In conclusion, the results of this study show the following.
• The growth rates of A. johnsonii T and A. johnsonii strain 210a were the same when cultured on LB medium, but were different when grown on two defined media (vG and Sm) and derivatives of the vG medium. (Figure 1b and d) . After 3 h, the cultures growing in Sm medium were amended with micronutrients from the vG medium (Figure 1b and d) . Oligonucleotide hybridization probes, S-G-Acin-0659-a-A-24 (circle) and S-G-Acin-1543-a-A-24 (squares), were used to quantify changes in the levels of total 16S rRNA and precursor 16S rRNA, respectively. The ratio of precursor 16S rRNA to total 16S rRNA (triangles) and the optical density of the cultures (crosses) are also shown
• The concentration and/or redox state of iron appear to have a strong influence on the doubling time of both strains.
• Precursor 16S rRNA levels in both strains increased with the addition of fresh substrate.
• The addition of micronutrients after 210 min of growth resulted in a second increase in the levels of precursor 16S rRNA in both strains.
• Quantitative membrane hybridizations targeting precursor 16S rRNA can be used to measure changes in the in situ growth activity of A. johnsonii.
• The micronutrient composition of influent wastewater may have a significant effect on the composition of the microbial communities in activated sludge wastewater treatment systems.
